Steinhausen et al. (37) analyzed the propagation of vasomotor responses, induced by local electrical stimulation, in split hydronephrotic rat kidneys. Their results indicate that the responses decay with increasing distance from the stimulation site and that the decay is significantly faster upstream than downstream. An explanation for the asymmetric decay rates, which was elusive, is a motivation for the present study.
ELECTRICAL STIMULATION OR micropipette application of appropriate vasoactive substances onto the surface of arterioles induces not only a local vasomotor response but also a conducted vasomotor response that propagates upstream and downstream along the vessel. Conducted vasomotor responses are believed to be important in the coordination of the microsovascular tone.
Steinhausen et al. (37) analyzed the propagation of vasomotor responses, induced by local electrical stimulation, in split hydronephrotic rat kidneys. Their results indicate that the responses decay with increasing distance from the stimulation site and that the decay is significantly faster upstream than downstream. An explanation for the asymmetric decay rates, which was elusive, is a motivation for the present study.
In a previous study (5), we developed a detailed mathematical model of the myogenic response of a small segment of the afferent arteriole (AA) wall, including the endothelium and the surrounding smooth muscle cells. That model was used to examine the response of the AA segment to changes in mean and pulsatile pressure. Simulation results of that model are consistent with the hypothesis that the AA myogenic response plays an important role in protecting the glomerular capillaries against elevated systolic pressures. The goal of this study is to develop a multicell model of the AA by connecting a series of AA smooth muscle cells and endothelial cells via gap junction coupling and to use the model to study the myogenic response of the AA and its response to local electrical stimulation. The AA model is intended to be used as an essential component in models of integrated renal hemodynamic regulation.
MATHEMATICAL MODEL
Multicell AA model. The model is an extension of our previous AA cell model (5) and represents a segment of an AA of length L (L ϳ300 m), consisting of a series of N cell ϭ 101 smooth muscle cell models (5), coupled via their gap junctions and via an endothelial cell layer. (An odd number of smooth muscle cell models were represented so that there is a middle cell that can be stimulated to study any asymmetry in the conduction of vasoconstrictive response.) The model AA segment is connected in series to a fixed resistor, denoted R end. The inflow pressure [P 0(t) at x ϭ 0] and the pressure at the end of the fixed resistor P end (at x ϭ 2L) are assumed to be known a priori. A schematic diagram is shown in Fig. 1 . When the inflow pressure P 0 is varied or when a vasoconstrictive or vasodilative response is induced, the pressure at the end of the AA segment, which is denoted P(L, t) and which we refer to as the "outflow pressure," may also vary. We set P end to 0 mmHg and R end to equal the time-averaged value of the total resistance of the unstimulated AA with P 0 ϭ 100 mmHg, so that when the inflow pressure P 0 ϭ 100 mmHg, the outflow pressure P(L) Ϸ 50 mmHg.
Each AA smooth muscle cell model incorporates the ionic transports, cell membrane potential, muscle contraction of the AA smooth muscle cells, and the mechanics of a thick-walled cylinder. The model represents the interaction of Ca 2ϩ and K ϩ fluxes mediated by voltagegated and voltage-calcium-gated channels, respectively, which gives rise to the periodicity of those transports. This results in a timeperiodic cytoplasmic calcium concentration, myosin light chains phosphorylation, and crossbridge formation with the attending muscle stress. The vessel's transmural pressure determines a hoop stress. The resultant hoop, elastic, and muscle stresses determine the rate of change of the vessel's diameter: vasomotion. In addition, the model incorporates the myogenic response mechanism that is based on the hypothesis that the activity of nonselective cation channels is shifted by changes in transmural pressure, such that vessel diameter decreases with increasing pressure and vice versa. A detailed description of the equations for the AA smooth muscle cell model and the model parameters can be found in the APPENDIX and in Ref. 5 . Below we describe a few key equations, including those that are modified from the previous model (5) .
The rate of change of free cytosolic calcium concentration in the ith smooth muscle cell, denoted Ca i , is given by
where ␣ ϭ 1/(z Ca␤VcellF), zCa ϭ 2 is the valence of the calcium ion, ␤ is the fraction of cell volume occupied by the cytosol, V cell is the cell volume, F is the Faraday constant, m ϱ is the voltage-dependent equilibrium distribution of open calcium channel states, gCa is the maximum whole cell membrane conductance for the calcium current, kCa is the first-order rate constant for cytosolic calcium extrusion, Kd is the ratio of the forward and backward reaction rates of the calcium-buffer system, and B T is the total buffer concentration.
Neighboring AA smooth muscle cell models communicate via their gap junctions. The rate of change of the membrane potential of the i-th cell, v i , is the sum of transmembrane currents:
where C denotes the cell capacitance. The transmembrane leak, potassium, calcium, intersmooth muscle cell gap junction, and smooth muscle-endothelial cell gap junction currents, denoted
, respectively, where gL, gK, and gCa are associated with the respective whole-cell membrane conductances; vL, vK, and vCa denote the respective Nernst reversal potentials; v e i denotes the membrane potential of the endothelial cell; and ggap and gSMC-endo are the coupling strengths. I myo i denotes the current arising from the myogenic response, which is described below.
Myogenic response. Our model's mechanism for the myogenic response is based on the hypothesis that changes in hydrostatic pressure P induce changes in the activity of nonselective cation channels. The resulting changes in membrane potential then affect calcium influx through changes in the activity of the voltage-gated calcium channels (7) . This is represented by the pressure-dependent current I myo i in Eq. 2 (given in pA), which is described by
where the target current I myo i is given by (in pA)
where P i denotes the transmural pressure (in mmHg), and P * i denotes reference transmural pressure, which is the pressure that the ith cell normally feels. The different rate constants in Eq. 3 corresponding to pressure increase or decrease yield a faster vasoconstriction response compared to vasodilation. Because fluid pressure decreases along the model AA, the AA cells respond to different external environment. Thus we adjust P * i based on the cells' location within the AA, and set P * i to be a linearly decreasing function of its center position (i Ϫ ½)⌬x, where ⌬x is the length of one AA subsegment, taken to be 3 m. More specifically, we set P * i ϭ 100 mmHg Ϫ [(i Ϫ ½)⌬x/L] ϫ 50 mmHg. In the absence of pressure variations, I myo i ϭ 0. The AA wall movement is driven by the balance of wall tension, which depends on P i , and the elastic and contractile forces (5). Because P i decreases along the AA, wall tension decreases; to ensure force balance, we scale the elastic and contractile forces by a factor i that decreases linearly along the AA, from i ϭ 1 at x ϭ 0 to i ϭ 0.5 at x ϭ L (see Eq. 24).
It has been reported that the AA myogenic mechanism exhibits an asymmetry in its response times for vasoconstriction and vasodilation (24, 25) . Loutzenhiser and co-workers (24, 25) observed that the initial delay in the activation of a pressure-dependent vasoconstriction was ϳ0.3 s, whereas vasodilation exhibited an initial delay of ϳ1 s. To attain that asymmetry, the delay m in Eq. 4 
where C e denotes the capacitance of the endothelial cell. Axial gap junction communication requires the specification of boundary conditions for the first and last cells (i ϭ 1 and N cell). In the absence of an electrical stimulation, we assume that the AA is electrically sealed at the two ends, i.e., zero gap-junction currents at the two ends. Thus I gap
. Analogous boundary conditions are applied to the endothelial cells. When a local electrical stimulation is applied to the vessel, a fraction of that current is assumed to exit through the vessel boundaries. The remainder of that current is presumably accounted for by the leak current, so that there is minimal net charge accumulation within the vessel.
Luminal fluid model. Luminal flow through the model AA is assumed to be at quasi-steady state, and is described by Poiseuille flow
where P is the hydrostatic pressure, is the dynamic viscosity of blood, Q is the volumetric flow rate, and r is the luminal radius. As previously noted, the pressure drop across the AA segment and the resistor, given by P end Ϫ P0(t), is assumed to be known a priori. The resistance of the AA segment is given by its luminal radius, which may change due to spontaneous vasomotion, myogenic response, or electrically induced vasomotor response. Given the pressure drop and the total resistance, the volumetric flow Q can be computed as follows:
Once Q is known, we can then update the hydrostatic pressure at each cell. 
MODEL RESULTS
Autoregulatory response of the model vessel. We assessed the model AA's ability to maintain a stable outflow pressure by applying a range of time-independent inflow pressure and computing time-averaged luminal diameters and outflow pressures. Results are shown in Fig. 2 . Figure 2A , solid line, shows time-averaged AA diameter profiles for various inflow pressures values, where vasodilation can be seen at low pressure (80 mmHg) and vasoconstriction at higher pressure (120 mmHg). From the outflow pressure values shown in Fig. 2B , solid line, one observes that for inflow pressure between 80 and 180 mmHg, the model AA maintained a somewhat stable outflow pressure that varied between ϳ45 and 55 mmHg, where 50 mmHg is the outflow pressure that corresponds to a reference inflow pressure of 100 mmHg. When inflow pressure exceeded 180 mmHg, the model AA failed to adequately compensate, and outflow pressure began to noticeably rise.
To illustrate the effects of the myogenic response, we simulated the administration of papaverine, which is a smooth muscle relaxant that abolishes autoregulation in the dog kidney (38) . We computed outflow pressure while neglecting myogenic response; i.e., we assumed that the activity of the nonselective cation channel is unaffected by changes in transmural pressure. In all simulations, we set I myo i to 0 for all i=s. In the absence of myogenic response, the model vessel reacts passively to changes in transmural pressure (see Fig. 2 , A and B, dotted lines). At higher inflow pressures, the vasodilation reduces vascular resistance, which lowers pressure drop and further increases downstream pressure relative to base case, resulting in a larger vessel diameter downstream (results not shown).
Responses to a step perturbation. To better understand the characteristic of our AA model, we simulated the time courses of the responses of diameter and pressure to a step increase or decrease in input pressure. Results are shown in Fig. 3 .
When inflow pressure was increased from 100 to 120 mmHg (Fig. 3A , solid line), the model AA constricted. The time course of the diameter corresponding to the first AA cell is shown in Fig. 3B , solid line. The time courses of the AA diameter at other spatial locations are similar and not shown. The vasoconstrictive response was fully attained after ϳ10 s. The outflow pressure initially rose with the inflow pressure, but as the AA constricted, the outflow pressure gradually returned to its reference value of ϳ50 mmHg ( Fig. 3C , solid line).
When inflow pressure was decreased from 100 to 80 mmHg, the model AA first briefly exhibited a passive constriction and Responses to sinusoidal oscillations in inflow pressure. To study the characteristics of the transduction of oscillations in fluid pressure along the AA, we superimposed a sinusoidal perturbation onto the steady-state inflow pressure (x ϭ 0): we applied a pressure of
where P 0 ϭ 100 mmHg, P p ϭ 20 mmHg, and f denotes the oscillation frequency. We first studied the model AA's response to a slow sinusoidal perturbation with f ϭ 0.1 Hz. The resulting oscillations in AA luminal diameter and outflow pressure are illustrated in Fig. 4 , A2 and A3. The interactions among pressure perturbations, spontaneous oscillations in AA cellular transport and diameter, the asymmetric myogenic response times to pressure increase and decrease, and the coupling among the AA cells through gap junction, endothelial cells, and luminal fluid flow transform the regular oscillations in inflow pressure to highly irregular oscillations in luminal diameter and outflow pressure. Next, we imposed a faster oscillation of f ϭ 1 Hz in the inflow pressure. Note that these pressure oscillations are much faster than the natural frequency of the AA, taken to be the frequency of the spontaneous vasomotion (ϳ170 mHz). The resulting oscillations in AA luminal diameter and outflow pressure are illustrated in Fig. 4 , B2 and B3. Instead of responding to the high-frequency pressure variations passively without attenuation, the model vessel exhibited a sustained vasoconstriction, owing to the cumulative effect of the faster contractile responses (5, 24, 25 
We assumed that only the middle AA smooth muscle cell was depolarized. Thus I depol i ϭ 0 except when i equals the index of the middle AA cell [denoted N mid ϭ (N cell ϩ 1)/2], in which case a depolarizing current was applied for t Ն 20 s:
The value of I depol i was chosen to achieve a steady-state constricted diameter of ϳ10 m at the stimulation site. To avoid an excessive accumulation of current within the vessel, we assumed that 50% of the depolarizing current exited through the two ends of the model AA. Thus, we set
Because the current leaving the two ends of the AA is the same, any asymmetry in the propagation of the vasomotor response is not caused by boundary conditions. Figure 5 shows spatial profiles of smooth muscle cell and endothelial cell membrane potentials, luminal pressure, and vascular diameter at three time instances. The profiles labeled "t 0 " were obtained 0.01 s before the stimulation. At this time, pressure exhibits an approximately linear drop, with vascular diameter and membrane potential oscillating around constant means.
The profiles labeled "t 1 " in Fig. 5 show the response of the AA 0.15 s after the electrical stimulation is applied. Note that sufficiently far away from the stimulation site, v e is higher than v, i.e., v lags v e , which indicates that axial propagation of vasoresponse takes place primarily through the gap junctions among the endothelial cells, which are assumed to have much higher conductance than the smooth muscle cell gap junctions. Depolarization raised intracellular Ca 2ϩ concentration of the stimulated cell, and the AA constricted locally. The increase in vascular resistance caused downstream pressure to decrease; in contrast, upstream pressure was not affected. The lower downstream pressure induced a myogenic response there. Note that near the two ends, the vessel was hyperpolarized, i.e., v(t 1 ) Ͻ v(t 0 ) near the ends. That transient response is due to the boundary conditions imposed for the smooth muscle cell gapjunction communication, where we assume that a fraction of the stimulating current exits through the vessel ends, thereby transiently and locally hyperpolarizing the vessel.
As the vasomotor response was conducted along the AA, the vessel further constricted and the pressure drop increased. Profiles for membrane potential, luminal pressure, and vascular diameter 13.25 s after the stimulation are shown in Fig. 5 , labeled "t 2 ." The model predicts that while the propagation of the depolarizing current was approximately symmetrical around the stimulation point (see Fig. 5A ), the strength of the vasomotor response was stronger downstream (see Fig. 5B ). To further illustrate the asymmetry of the vasoconstrictive response, we show the luminal diameters of the upstream-most, middle, and downstream-most cells as functions of time in Fig. 6A . At 30 s after the stimulation, the diameter of the downstream-most cell was ϳ80% of the upstream-most one.
We also show, in The above results illustrate that symmetric electrical conduction along the AA (Fig. 5A ) transforms into asymmetric mechanical response (Figs. 5B and 6, A and B) . That asymmetric decay can be attributed to two factors. The first contributing factor is the shift in the autoregulatory response of a depolarized AA smooth muscle cell. Below we conducted simulations that demonstrate the effect of depolarization on the myogenic-induced vasodilation of an AA smooth muscle cell. Another factor is the differences in the muscle mechanics of the smooth muscle cells, which may have arisen as a result of the adjustments of the smooth muscle cell to their surrounding 24) . Assuming that the myogenic response, in terms of the dependence of the nonselective cation channel opening on pressure variations, is the same among the smooth muscle cells, the balance between muscle stresses and wall tension (Eq. 25) differs among different cells except at the steady-state pressure.
To illustrate the above arguments, we simulated the individual myogenic responses of two cells along the AA segment, one at x ϭ L/4 and the other at x ϭ (3/4)L, which we call "upstream cell" and "downstream cell," respectively. (Note that these two cells were chosen to be equidistant from the midpoint, where the electrical stimulation was applied in the preceding experiment. Since the propagation of the electrical current is approximately symmetric, the two cells' membrane potentials should not differ significantly.) In the following isolated-cell simulations, we prescribed transmural pressure values, simulated only gap-junction current between smooth muscle and endothelial cells, and neglected axial gap junction currents. We computed time-averaged inner diameters of the two cells for a range of pressure perturbations ⌬P, given by perturbations from their reference pressure P * , which are 87.5 and 62.5 mmHg, respectively. Results are shown in Fig. 7 , the curves labeled "No current." Both model cells constricted as pressure increased, but constriction was stronger for the upstream cell. Nonetheless, at the pressures that the two cells experienced during the preceding electrical stimulation experiment, which deviated from the upstream and downstream reference pressure values by ϩ2.50 and Ϫ25.7 mmHg, respectively (see Fig. 5C ), the cell models predicted that the downstream cell was dilated relative to the upstream cell (compare open circles in Fig. 7) , a result that is inconsistent with the asymmetric conduction response.
We then repeated the isolated-cell simulations, this time with a depolarizing current of 0.06 pA applied to each cell. That depolarizing current was chosen so that the predicted membrane potentials are similar to their values in the proceeding vasoresponse conduction simulations. The model predicted that, in the presence of the depolarizing current, which induced vasoconstriction in the cells and shifted their autoregulatory curves, the ability of the cells to dilate was impaired. As a result, at lower pressures, the myogenic-induced vasodilation failed to sufficiently compensate for the lower tension force, and the diameter of both cells decreased. The differences in the cells' muscle mechanics also play a role, in that the downstream cells are even less able to dilate at low pressure. Recall that in the preceding electrical stimulation experiment, the upstream and downstream cells experienced fluid pressures that deviated from their reference pressure values by ϩ2.5 and Ϫ25.7 mmHg, respectively. At those pressure perturbations, the downstream cell exhibited a diameter that is ϳ84% of the upstream cell (compare closed circles in Fig. 7) .
To use these results to explain the asymmetric propagation of vasoresponse along the AA vessel, we note that following the application of the depolarizing current, the AA constricted, vascular resistance increased, and downstream pressure decreased. That drop in downstream pressure resulted in two competing effects: a decrease in the tension force arising from transmural pressure, and a vasodilative myogenic response. However, as can be seen in Fig. 7 , a depolarized cell cannot effectively dilate, and that impairment is more pronounced for downstream cells. Consequently, the lower tension force dominated downstream, leading to a slower decay of the vasoconstrictive response downstream. In other words, the balance between the two competing effects resulting from the lower downstream pressure-vasoconstriction from the lower tension force and vasodilation from myogenic response shifted in favor of the former when a depolarizing current is applied.
Parameter sensitivity studies. In the simulations for asymmetric propagation, we set the amount of depolarizing current that exits through the two ends of the vessels, denoted by I BC , to I BC ϭ ␣ BC I depol 51 where ␣ BC ϭ 0.5. To assess the impact of that assumption on model predictions, we conducted a param- Table 1 . Model predicted that propagation length constants decrease as ␣ BC increases, because as more current was allowed to exit through the ends of the vessel, the extent to which AA was depolarized was reduced (thus, less constriction). This result is consistent with our argument that the asymmetric vasoresponse propagation arises from the shift in the autoregulatory response of a depolarized smooth muscle cell. Nonetheless, in all cases the model predicted a stronger downstream propagation of the vasomotor response, with the downstream-upstream length-scale ratios all fall within 15% of the value (2.80) measured by Steinhausen et al. (37) .
The model assumes that the conductance among smooth muscle cells is low compared with that among endothelial cells. To assess model sensitivity to variations in gap-junction coupling, we varied g gap , g gap,e , and g SMC-endo , and we recomputed conduction length constants. Results are shown in Table 2 . With stronger coupling, the vasoresponse decayed more slowly along the vessel, in both directions. When g gap,e or g SMC-endo is varied from 80 to 120% of base-case values, the downstream-upstream length-scale ratios all fall within 5% of base-case value. Model results are relatively more sensitive to variations in smooth muscle cell coupling. Given the same variations in g gap , varies by as much as 13%.
DISCUSSION
To study the conduction of vasomotor response along the AA, a phenomenon that is central to the coordination of the responses of individual cells, we have developed a multicell model for the rat AA. The model AA's myogenic response is based on the assumption that changes in hydrostatic pressure induce changes in the activity of nonselective cation channels. The model was used to study the autoregulatory response of the AA, and the mechanism by which vasoconstriction initiated from local sites can spread upstream and downstream along the vessel. Through its myogenic response, the model AA maintained an approximately stable outflow pressure for a range of steady-state inflow pressure from 80 to 180 mmHg. Also, the model predicted pressure-radius relations ( Fig. 2A ) that are consistent with those obtained in the hydronephrotic rat kidney (24) , and with those obtained for isolated rabbit AA, with and without the application of the smooth muscle relaxant papaverine, which abolishes autoregulation (14) .
In addition to the above steady-state simulations, we studied the response of the model to oscillating inflow pressure. Simulation results suggest that, owing to the asymmetry in vasoconstriction and vasodilation response times, the AA may be able to sense systolic pressure and respond with a sustained vasoconstriction when systolic pressure is elevated (see Fig. 4 , B1 and B2). Similar results were obtained in previous modeling studies (5, 25, 41) .
Conduction of vasomotor response. Krogh et al. (20) once proposed that the mechanism by which a vasodilatory response propagates among the toes of the frog hind limb was provided by the innervation of blood vessels. However, decades of studies in the regulation of microcirculatory blood flow have yielded a better understanding of the ultrastructural organization of the arteriolar networks and an alternative explanation for the conduction of vasomotor response: electrotonic conduction of electrical signaling through the endothelial or smooth muscle cell layer. It has been demonstrated in cheek pouch arterioles that the propagation of vasoconstrictive or vasodilative response is coupled to variations in membrane potential (40, 42) , which suggests that the conducted vasomotor response results from the conduction of a electrical signal along the vessel, both upstream and downstream.
Given that the propagation of vasomotor response in arterioles does not appear to depend on flow-mediated changes (e.g., the increased production of NO induced by higher shear stress) or neural transmission, it is generally believed that vasomotor signal is conducted through the endothelial or smooth muscle cell gap junctions. Evidence supporting the role of gap junctions includes the observation that conducted vasomotor responses in hamster cheek pouch are abolished or attenuated with the application of putative gap junction uncouplers (35, 43) . Moreover, electron microscopy has demonstrated that neighboring endothelial and smooth muscle cells in renal vasculature (29) , thoracic aorta (36) , and iridial arterioles (18) are connected by gap junctions, which render these cells electrically and chemically coupled (2, 3, 18, 40, 34, 23, 28, 42, 43) . See Ref. 17 for a review on these issues.
When a depolarizing stimulus was applied to one of the AA cells, a local vasoconstrictive response was induced, and that vasomotor response was conducted along the vessel. Vasomo- The ␣BC denotes the fraction of depolarizing current that escapes through the ends of the afferent arteriole. *Base case.
tor responses decay with increasing distance from the stimulation site, with a faster decay in the upstream flow direction than downstream, as observed by Steinhausen et al. (37) . The mechanisms that account for a directional propagation of vasomotor response were previously not well understood. Steinhausen et al. (37) (37) may be attributed to the latter using a vascular tree that comprised mostly of interlobular artery. Nonetheless, the length-to-scale ratios predicted by the model and in the experiments match. Given the preference for propagation downstream, myogenic activation of interlobular artery is likely to be more powerfully transmitted to downstream vascular segments.
Comparison with previous models. The multicell AA model of the present study is an extension of our previous AA cell model (5) , which represents the response of both the smooth muscle cells and the endothelium along a very small segment of the AA, or one single cell. The AA cell model (5) was in turn based on a model for cerebral arterioles in cat that was developed by GonzalezFernandez and Ermentrout (16) , with appropriate adjustments in parameters. Consistent with the present study, the AA cell model (5) responded to a high-frequency pressure oscillations with a sustained constriction. The AA model of the present study was constructed by connecting instances of the AA cell model in series, with each cell model coupled to its neighbors through gap junctions, which allows the representation of electrotonic conduction along the AA. A fluid dynamics model was included to relate fluid pressure, fluid flow, and tubular resistance. Also, some of the parameters of the AA cell model were adjusted to depend on the location within the AA because of the decrease in intravascular pressure along the vessel.
Lush and Fray (26) developed a mathematical model of the myogenic control of the AA (hereafter referred to as the L&F model) and used that model to study the steady-state autoregulation of renal blood flow in the dog kidney. Their model computes steady-state renal blood flow assuming a balance of the distensive and constrictive forces acting on the AA. Similar to our model, the AA smooth muscle contraction in the L&F model is assumed to be initiated by pressure-induced changes in calcium permeability, and their model describes the effect of transmural pressure on calcium permeability, intracellular calcium concentration, and contractile activity. Because Lush and Fray focused on steady-state autoregulation, details of the kinetics of the AA ionic transport and muscle mechanics were not represented nor was the asymmetry in the response times of the AA to pressure increase and decrease. Also, individual AA cells are not differentiated in the L&F model. Despite these differences, the L&F model and the present model predicted similar autoregulatory responses (compare Fig. 4 in Ref. 26 and Fig. 2) .
Secomb and colleagues (1, 4) developed a model of blood flow regulation. Their model's representations of the active contractile force and resulting muscle mechanics are similar to the L&F model, but the model by Secomb and co-workers represents also metabolic vasoactive and shear stress-dependent responses. Their model was formulated for both large and small arterioles, each with a different set of parameters.
Marsh et al. (27) also adopted the smooth muscle cell model of Gonzalez-Fernandez and Ermentrout (16) to study the interactions between AA myogenic response and TGF. However, as noted in a previous study (5) , in Ref. 27 myogenic responses were generated only in response to oscillatory transmural pressure, whereas it has long been observed that changes in mean pressure also induce myogenic responses (24) . In contrast, our model exhibits myogenic responses as a function of both pressure and its rate of change. Another difference is that the myogenic model in Ref. (27) represents only two AA segments. Thus each submodel represents a rather long segment along the AA, whereas each of our AA cell submodel roughly corresponds to an AA cell. Both AA segments in Ref. 27 share the same model parameters; in contrast, based on the observation that the AA cells respond different external environments (e.g., intravascular fluid pressure), we adjusted some of the AA cell parameters based on their location within the AA.
Model limitations and future extensions. Because the model represents a series of AA and endothelial cells, some degree of simplification was necessary to keep computational costs low. Thus the model adopts a phenomenological representation of certain details of the myogenic response. For example, to recapitulate the asymmetric constrictive and dilation kinetics similar to behaviors observed in vitro, the model myogenic mechanism represents asymmetric time delays, based on experimental measurements (24, 25) , and assumes a rate-sensitive nonselective cation channels activation. While this model description yields predictions that are consistent with experimental observations (24, 25) , potentially important details are neglected, including the possible involvement of ENaC channels in the initiation of the myogenic response, signaling pathways underlying the vascular smooth muscle constriction, or signaling mechanisms that modulate the myogenic response.
Fluid dynamics in the AA is represented as quasi-steadystate Poiseuille flow, which assumes that the flow is laminar and through a long pipe with constant radius. Because the AA walls constrict and dilate, conditions for Poiseuille flow are only approximately satisfied, provided that the amplitude of the vasomotion is sufficiently small, and the time scale of the fluid dynamics is much faster than wall mechanics. A more realistic fluid model would be the Navier-Stokes equations, but the computations required for solving the Navier-Stokes equations are much more time consuming. 
APPENDIX: MODEL EQUATIONS AND PARAMETERS
This APPENDIX contains model equations that describe the ionic transport and mechanical properties of an AA smooth muscle cell (5), as well as a list of model parameters.
Ion transport and membrane potential. The smooth muscle cells of the AA can undergo contractions that are determined by the free cytosolic calcium concentration Ca. The sum of Ca and bound buffer CaB gives the total calcium concentration Ca T, i.e.,
The free cytosolic calcium and the unbound buffer B combine to yield CaB in a reversible reaction that can be represented by
Because the kinetics of the calcium-buffer system is substantially faster than other relevant membrane transporters, the above reaction is assumed to be at equilibrium. Thus,
By differentiating Eq. 11 with respect to time and using Eq. 13, one obtains
The rate of change of Ca T can be described by the following first-order kinetics:
where V cell is the cell volume; ␤ is the fraction of cell volume occupied the cytosol; F is the Faraday constant; zCa ϭ 2 is the valence of the calcium ion; and kCa is the first-order rate constant for cytosolic calcium extrusion. The mϱ is the equilibrium distribution of open calcium channel states and is described as a function of membrane potential v (15, 22) :
where v 1 is the voltage at which half of the channels are open, and v2 determines the spread of the distribution. The opening of potassium channels induces a transmembrane K ϩ efflux, which polarizes the cell membrane. To represent the K ϩ flux, we describe the rate of change of the fraction of K ϩ channel open states, denoted n, by first-order kinetics (30) :
where nϱ denotes the equilibrium distribution of open K ϩ channel states. The rate constant n is given by
ͪ , ( 18) where n determines the rate at which the potassium channels open. This distribution depends on the membrane voltage v and the free cytoplasmic calcium concentration Ca:
where
The potential v 3, which determines the voltage at which half of the potassium channels are open, is a function of Ca; v4 and Ca4 are measures of the spread of the distributions of nϱ and v3, respectively.
Myosin phosphorylation. Oscillations in Ca vary the phosphorylation rate of the 20k-Da myosin light chains (MLC), which are involved in the formation of crossbridges between overlapping myosin and actin filaments. The formation of crossbridges causes smooth muscle contractions. Because the kinetics of that phosphorylation, which is calcium dependent, is much faster than other vasomotion processes considered here, we assume that the fraction of phosphorylated MLC to total MLC, denoted by , is given by (33) ϭ Ca
where Cam is a constant. The phosphorylated myosin interacts with actin to form crossbridges and develop stress (19) . Let denote the fraction of crossbridges formed; then, we describe the net formation of crossbridges by means of the ordinary differential equation given by
Vessel mechanics. Variations in the number of crossbridges induce variations in a contractile force, which in turn gives rise to variations in AA diameter. To simulate the resulting vasomotion, we consider the blood vessel to be a thick-walled cylinder. The motion of the vessel wall is driven, in part, by the transmural pressure, muscle activity, and wall deformation, which give rise to forces described below. Let r i and ro denote the inner and outer vessel radius, respectively. Let P denote the transmural pressure, and let x denote the average circumferential length, i.e., x ϭ (r i ϩ ro). The transmural pressure causes the vessel to relax or contract, which then gives rise to a tension force in the angular () direction. That force, which we denote by f P, is given by
where A, the wall cross-sectional area, is given by A ϭ (r o 2 Ϫ r i 2 ) (16). Wall deformation gives rise to additional stresses along the -direction of the wall. Let y and u be the circumferential lengths associated with the contractile and series elastic components, respectively. We assume that those stresses consist of the following components: a contractile compo- nent of length y, in series with an elastic component of length u; these two components are in parallel with an elastic component of length x ϭ y ϩ u (recall that x is the average circumference). We consider the resulting hoop forces on a surface S, which is bounded by the inner and outer radii of the vessel; S is assumed to be perpendicular to the angular () direction, and to have unit length along the axial direction. Then, given the stresses x, y, and u (see below), the hoop forces on S of the ith AA smooth muscle cell are:
where we and wm are weights representing the contribution by the elastic and muscular components of the hoop forces, and i decreases linearly along the AA. The rate of change of the parallel elastic component's length is given by
where is a pseudo-time constant associated with the wall internal friction. For a given number of crossbridges, the velocity of the contractile component (y) is assumed to depend on the balance between the muscle load experienced by the contractile component, given by the elastic stress u and the contractile stress y. For u Յ y, the velocity is also proportional to phosphorylation level (9, 10, 32 for u Ͼ y, the contractile component lengthens:
To approximate experimental measurements (10, 11, 12, 13, 31) , the hoop stresses associated with the parallel elastic, contractile, and series elastic components, denoted by x, y, and u, respectively, are given in Ref. 16 by 
u ϭ u 2 exp͓u 1 (u ⁄ x 0 )͔ Ϫ u 3 ,
where y0 is the reference stress that depends on the fraction of crossbridges formed, :
On the right-hand side of Eq. 28, the first term represents the stiff collagen fibers that come into play for large expansions; the second term represents the compliant elastin fibers that play a role in smaller deformations; the third term represents the large stiffness that arises when the vessel radius is substantially reduced; and the fourth term serves to fit x to experimental data (31). Tables 3, 4 , 5, 6, and 7. Most of the parameters that describe the transport and mechanical properties of the AA smooth muscle cells are taken from Ref. 16 (with some modifications to account for the differences in physical dimensions and in dynamic behaviors between the cerebral arterioles modeled in Ref. 16 and the renal AA) and have previously been reported in Ref. 5 .
